ABSTRACT Severity identification and size estimation is a crucial part of the quantitative diagnosis for ball bearing faults. In this paper, novel fault severity classification rules and the size estimation model based on vibration mechanism for ball bearings are proposed for more accurate estimation of the fault size. A nonlinear dynamic model, with geometric properties and deformation of the ball considered, is established to analyze the vibration characteristics of ball bearing with outer race fault. It turns out that there are different features in vibration responses with different fault sizes, and then the fault severity is classified with vibration features. Based on the vibration mechanism analysis, functional relations and mathematical expressions between the vibration characteristics and fault sizes are inferred to realize the quantitative diagnosis of faulty bearings. The experiments are performed to verify the effectiveness of the proposed method of fault severity classification and size estimation. Deep groove ball bearings designated as 6308, with seeded square-shaped surface defects of different sizes, are chosen for the experiments. The results show that the proposed method can accurately estimate the fault sizes within the acceptable error range.
I. INTRODUCTION
Ball bearing is a crucial and basic component of rotating machinery. Bearings have a significant influence on the performance and operating efficiency of rotating machines [1] . Once the bearing breaks down, it may paralyze the whole system. It is analyzed that bearing faults can constitute the 44% of the total number of faults in some devices [2] . The unexpected bearing faults are usually caused by mounting failure, low lubrication, fatigue, and wear and tear, which may bring out challenges in the accurate diagnosis of faults. Therefore, the first step of fault diagnosis is to extract the fault symptoms from measured signals and analyze the features to determine the health state of the equipment [3] . Qualitative diagnosis focuses on fault detection and identification [4] - [7] . Wang et al. [8] proposed the sparsity guided empirical wavelet transform and identified the resonant frequency bands. Kiral and Karagülle [9] presented a defect detection method using FEM vibration analysis for rolling
The associate editor coordinating the review of this manuscript and approving it for publication was Dong Wang. element bearings with single and multiple defects to establish the relationship between the bearing fault and vibration responses. Li et al. [10] compared four representative fuzzy clustering algorithms for fault detection, pattern classification, and prognosis. Jiang et al. [11] proposed a novel ICF-guided VMD method to improve the accuracy of weak damage feature detection of rotating machines. Hao et al. [12] proposed an optimized intrinsic characteristic-scale decomposition (OICD) method to solve underdetermined blind source separation (UBSS) problem to extract and separate the features of compound faults.
At present, the concentration of bearing fault diagnosis has transferred to quantitative research, including fault size estimation [13] , severity classification [14] and degradation assessment [15] , [16] , for better decision-making in machinery equipment maintenance and health condition monitoring. Vibration mechanism analysis has provided important theoretical basis for the above research because the multi-impact characteristics can be related to quantitative fault information.
In recent years, a large number of research results show that dynamic modeling is an effective means to discover and analyze the vibration response characteristics of defective bearings. Singh et al. [17] analyzed the contact responses between the roller and the raceway with the defect, as well as the corresponding change in the contact force by setting up a concise finite model of bearings. Li et al. [18] established a mechanical model of ACBB with a localized defect on outer raceway, with the effects of centrifugal force and gyroscopic moment on the force equilibrium relation of balls in high speed operating condition considered. Patil et al. [19] have presented an analytical model for predicting the effect of a localized defect on the ball bearing vibrations. Localized defects and its evolution, the main pattern of bearing fault, are the primary internal excitation influencing the vibration signals of bearings [20] . Besides, Petersen et al. [21] further studied the influences of localized fault with different sizes on the stiffness, contact force and the vibration response of bearings by establishing the bearing fault model. Qin et al. [22] proposed a dynamic model of faulty deep groove ball bearing by considering the integrated effects based on the half-sine displacement impact excitation function. The simulation results of acceleration response have more obvious impulsive features than traditional model. Ahmadi et al. [23] proposed an analytical model that considering the finite size of the rolling element, different from most of the existing dynamic models where rolling elements are regarded as point masses, and obtained more accurate prediction of the vibration response. Cui et al. [24] innovatively developed a localization diagnosis method with HVSRMS law by the established nonlinear contact model of the bearing system.
Various signal processing methods are applied to extract quantitative features from vibration responses of defective bearings, which also verifies the multi-impact characteristic of fault vibration response from a simulation and experimental perspective. Researches on signal processing also contributions for the further exploration on the estimation method of bearing fault sizes. Khanam et al. [25] calculated the outer groove race defect width from the vibration burst duration by using a proper equation. Golafshan and Sanliturk [26] used a de-noise approach based on Singular Value Decomposition (SVD) and Henkel Matrix (HM) for diagnosing fault size in rolling bearings. Sawalhi and Randall [27] used the Cepstrum Analysis (CA) for estimating the time delay between double impulses from the vibration signals. This is accomplished through a simple three step algorithm to achieve an adequate signal showing the entry-exit events in case on spall faults. Zhao et al. [28] used Empirical Mode Decomposition (EMD) and Approximate Entropy (ApEn) methods to estimate the size of the spall-like faults in order to clearly separate the entry-exit events. Wang et al. [29] proposed a feature enhancement method based on improved constraint model of online dictionary learning to remove noises from vibration signals. Cui et al. proposed a matching pursuit (MP) method [30] with a novel dictionary for impact feature extraction and fault extent evaluation of rolling bearing based on Lempel-Ziv complexity [31] .
Fault severity assessment or size estimation is usually based on the fault feature analysis, which is often reflected in vibration signals of bearings. With vibration mechanism analysis of defective bearings, the relationship between the fault severity and vibration response are established. Moazen-ahmadi and Howard [13] improved the accuracy to estimate fault sizes with multiple-impact vibration response using a hrdyid method, which was less biased by shaft speed. Chen and Kurfess [32] proposed a calculation model of bearing inner/outer-race fault size with vibration characteristics analysis and reduced the error rate to some extent. Ismail and Sawalhi [33] proposed a unified expression to estimate sizes of small spalls and larger spalls with vibration-based geometric features. Guo et al. [34] investigated the double-impulse phenomenon generated by faulty hybrid ceramic ball bearings and estimated the spall length. Wu [35] analyzed proper vibration features in the time domain that can effectively track the evolution of bearing faults. Hence, it is important to understand the vibration mechanism of defective bearings. With further research, scholars have established more and more understanding about the fault mechanism of rolling bearings and the pattern of motion of rolling elements in the fault area. Recently, Liu et al. [36] proposed a feature fusion method to extract new features using kernel joint approximate diagonalization of eigen-matrices (KJADE), which has successfully been applied to identify different bearing fault types. Cui et al. [37] explained the step-impulse response in vibration signals with acceleration analysis of rolling element micro-motion and proposed a concatenation dictionary to extract fault features. Attoui et al. [38] used a time-frequency method combining classical wavelet packet decomposition energy distribution technique and a new feature extraction technique for instantaneous identification and classification of bearing faults. Besides, a novel index (VHSRMS) has been proposed to distinguish defects with the same impact time-interval but differing in sizes by natural multiples of the ball angular spacing [39] .
Actually, the existing studies have done great exploration and achievements for the accurate quantitative diagnosis of rolling bearings, but there is still a long way to go. Based on the previous research on vibration mechanism analysis, this paper is going to make a contribution to the accurate quantitative diagnosis for defective bearings by proposing a novel fault severity classification method. Take the spall on the bearing outer race for research, which is the main manifestation form of early-stage bearing fault [40] . Vibrationmechanism based fault severity classification method and fault size estimation are proposed for quantitative diagnosis of defective ball bearings. The study is organized as follows. Section 2 presents a nonlinear dynamic model of ball bearing, which has taken the geometric properties and deformation of the ball into consideration. In section 3, numerical analysis on vibration responses of defective bearings are performed and then the vibration mechanism is studied corresponding to the ball motion in the fault area, which is utilized for fault severity classification. Section 4 sets up the function relation models between the vibration characteristics and fault sizes by combining the vibration mechanism and fault severity types. Then the mathematical formulation is inferred and applied for fault size estimation with data from simulation and experimental vibration signals. The conclusions are presented in Section 5.
II. NONLINEAR DYNAMIC MODEL OF BALL BEARING
In this study, both the finite size of the ball and the contact force variation between the ball and races are considered to establish a more practical nonlinear dynamic model to simulate vibration signals of ball bearings with localized faults.
A. ILLUSTRATION OF BEARING MODEL
In order to obtain simulation vibration response as close to the actual conditions, an accurate nonlinear dynamic model is to be established. The model of a deep groove ball bearing is established with the illustrative diagram shown in Figure 1 . In the established model shown in Figure 1 (a), a set of independent general coordinates are defined including the Cartesian coordinates for the inner/outer races (x in , y in ), (x out , y out ), respectively, and the polar coordinates for the balls (ρ, ϕ). The independence of the coordinate system of the ball has been verified by Ahmadi et al. [23] . Then the interaction between the balls and raceways can be described clearly. Vectors X j and Y j are the location of the jth ball relative to the outer and inner raceways with the angular positions θ out, j and θ in, j , respectively, while ρ j is the polar coordinate of the jth ball with the angular position ϕ j Besides, the deformation of the ball is considered, which can consequently increase the accuracy of bearing fault simulation. δ out, j and δ in, j are the contact deformation between the jth ball and the outer and inner raceways, respectively. A high-frequency resonator is respectively added in the direction of the x and y axis to simulate the natural frequency of the bearing. Therefore, there are 2N b + 6 degrees of freedom summed by 2N b degrees of freedom of the balls (N b is the number of the balls), and two degrees of freedom for the displacement of inner and outer races and the high-frequency resonators in the direction of x and y axis, respectively.
As Figure 1 (b) illustrates, the contact relationship between the balls and raceways can be regarded as the mass-springdamping system with the contact stiffness and damping k in, j , c in, j and k out,j , c out, j . With the stiffness and the damping of the bearing pedestal represented by k s, x , c s, x , k s,y , c s, y , and the parameters of the high frequency resonant response k r , c r , m r , low-frequency and high-frequency characteristics measured in the experiment or practical conditions can be simulated.
B. MOTION EQUATIONS FOR BEARING COMPONENTS
With the illustration of the established model in last section, the analytical solution of the motions of ball bearing components can be calculated by differential equations to predict the vibration response of bearings due to the defects. A deep groove ball bearing consists of the inner and outer races, balls and the cage. When the bearing operates with the shaft speed ω s , there is no relative speed between the balls and the cage. It is assumed that there is no slide between the inner race and the shaft. Then the rotational speed of the cage can be expressed as
where D b is the diameter of the ball, D p the pitch diameter and a the contact angle.
To obtain the dynamic motion equation of the ball, the Lagrange equation is utilized to define the general coordinate ρ j :
where T is the kinetic energy, V the potential energy, and {ρ j } a general coordinate vector defining the location of the ball. The vector {f } is the sum of the radial contact force and damping force acting on each ball represented by the general coordinates ρ j , which can be expressed as
where X j and Y j are the modes of the displacement vectors of the balls relative to the outer and inner races, respectively. The required conditions in (2) can be further derived as:
where φ j is the angular position of the ball depending on the angular position of the cage.
Substituting (3)- (5) into (2), the motion equation of the ball is obtained:
With the Hertzian theory and Newton's second law, the motion equations of inner/outer race and the highfrequency resonator can be derived analogously with the Cartesian coordinates in the bearing model:
In the above equation set, (7) represents the motion equation of the inner race, (8) the motion equation of the outer race, and (9) the vibration equation of the high-frequency resonator. F represents the total contact forces on raceways. F d represents the total contact damping forces on raceways. The subscript ''in/out'' and ''x/y'' represent the inner or outer raceway and the x or y direction, respectively.
Finally, equations (6)- (9) constitute the second-order nonlinear ordinary differential equations of the bearing dynamic model established in the last section. The dynamic behavior of the bearing system can be described by calculating the equations. Besides, the vibration signals of defective bearing can be simulated by adding fault information into the model.
III. FAULT SEVERITY CLASSIFICATION A. VIBRATION MECHANISM ANALYSIS
When a ball gets in touch with the defect area during operation of the ball bearing, there excites impacts in the bearing system, the time intervals of which will be influenced by the size and shape of the defect. When a fault occurs on the bearing outer race, vibration response signals of the defective bearing shows periodic impacts, whose fault characteristic frequency corresponds to the passing-frequency of the outerrace. Based on the bearing dynamic model established above, the size parameters of the defect bearing are set. The vibration response of the bearing with defect width 0.45mm, 4mm and 8mm respectively is simulated, which is shown in Figure 2 . Comparing the three different time-domain response diagrams, it turns out that each response corresponds to a grade of fault severity. When the defect size is relatively small, as shown in Figure 2(a) , the amplitude of the fault-induced vibration impact due to the superposition of the signal components can be covered up by the original vibration signals of the bearing. Then the characteristic signals of the bearing fault seem to be a single impact, resulting in a single impact response in the time domain. With the defect size increasing, the vibration response of the 4mm-width fault shows three impacts. That is, when the ball starts to enter the fault area, the vibration response signal shows a step response, marked as letter A in Figure 2(b) . When it continues to move, the ball and the fault end collide with each other, and the vibration response signal is attenuated in the time domain. When the ball leaves the fault end, the vibration response signal shows a wideband response signal due to the collision event and the effect of the loading again.
The single periodical vibration response of the defective bearing with the defect width 8mm is shown in Figure 2 (c), which can be divided into four parts, marked as A, B, C and D. Figure 3 (a)-(d) respectively describe the four stages when the ball begins to enter the fault area (marked as letter A), collides with the bottom of the fault (marked as letter B), contacts the edge of the fault terminal (marked as letter C) and totally leaves the fault area (marked as letter D).
The four stages of the ball passing the 8mm-width fault area can be explained in detail as follow. When the ball moves in the non-defective area, the vibration response is relatively stable. When it begins to enter the fault area, there is a low-frequency step response in the time domain, which can be explained as the contact force is gradually unloaded from the ball. With the bearing operating, the ball strikes the bottom of the fault area. The impact location and time interval rely on the centrifugal force and inertia force on the ball, which reflects as a gradually-decreasing impulse response in time domain. The impulse response, with a relatively-small amplitude, is easy to be covered by noises. The time interval between the step response and the impulse response can be applied to analyze the depth of the bearing fault.
When the bearing goes on operating, the ball impacts with the fault terminal, and the impact force derived from the third impulse at this time is larger than the former one, so the corresponding amplitude is larger too. When the ball begins to leave the fault area, it impacts with the outer and inner raceways at the same time, bringing out a much larger impulse, in other words, the forth impulse. The motion path of the ball swerves abruptly attributed to the impact so that the contact force comes back to the normal condition, while the direction of the motion and speed of the ball experienced a step change. Besides, there arises a pulse acceleration signal, leading to the high-frequency resonance of the bearing components, as a vibration broadband in time domain. Therefore, the width of the fault could be estimated by calculating the time interval from the ball entering and exiting the fault area.
It can be summarized that the vibration signals of different bearing fault sizes show different forms of vibration response. Therefore, the bearing fault showing different response forms cannot be diagnosed in the same way, and it is necessary to classify the bearing fault sizes. Different quantitative diagnostic methods should be applied for bearing vibration signals of different faults sizes. In this paper, according to the different forms of vibration response, bearing fault sizes are divided into three categories, namely, small-size fault, medium-size fault and large-size fault.
B. FAULT SEVERITY CLASSIFICATION RULES WITH DEFECT SIZES 1) DEFINITION OF SMALL-SIZE FAULTS
When a ball goes through the fault area on the outer race of bearing, there must be double impacts in the vibration response related to the two events when the ball enters and exits the fault, marked as number1 and 4 illustrated in Figure 4 . However, for weak fault whose width is too small, the amplitude of the double impacts can be covered up by the original vibration signals of the bearing, and then the characteristic signals of the bearing fault seem to be a single impact, for example, the simulation vibration response of 0.45mm-width bearing fault obtained under the fixed load, shown in Figure 3(a) . Then the definition of small-size defect is explained as follows.
With the mechanism of bearing fault vibration response, the vibration impact of the defective bearing is equivalent to an exponential decay pulse mathematically, satisfying the following relationship
where ζ , ω n is the damping ratio and natural frequency of the bearing system, respectively, and f n is the natural vibration frequency of the bearing. Set the critical time interval as
In the time domain, the time difference t represents the interval between the two impacts caused by the entering event and exiting events. Then set t 0 as the reference value. When the defect width is relatively small so that the double-impact time interval calculated theoretically is less than the critical time interval, that is:
the time-domain vibration response exhibits as the single impact. With this criterion, the small-size bearing fault can be distinguished from larger-size fault by the natural frequency of the bearing. Therefore, this time interval t 0 is the cut-off point for the single impact and the multi impact of the ball bearing with outer race fault. With the analysis on the relationship between the fault size and vibration characteristics, the bearing fault whose vibration response shows single impact is defined as small-size fault.
2) DEFINITION OF MEDIUM-SIZE FAULTS
When the bearing fault width is relatively large to satisfy the condition t > t 0 , the multi-impact phenomena of the bearing vibration response are obvious to be observed like the three-impact and the four-impact. Therefore, it is necessary to further distinguish the three-impact and four-impact response for quantitative analysis of the bearing fault size. Analyze the geometrical relationship of components in the defective bearing whose vibration response shows multiple impacts. When the defect width is relatively smaller than VOLUME 7, 2019 the diameter of the ball, the ball directly collides with the fault end after entering the fault and cannot contact with the bottom of the fault, as shown in Figure 4(b) . Therefore, there are no impact signals reflecting that the ball collides with the fault bottom in the time-domain impulse response, but three-impact vibration response, the amplitude of which is relatively small. As is seen in Figure 5 , the ball collides with the fault end at the same time with it contacting the fault bottom, which can be regarded as a critical point whether the ball can collide with the bottom of the fault area. According to Pythagorean Theorem, the numerical relationship between the ball diameter and the defect width can be obtained:
so there is
Besides, there is
where h 1 is the actual falling height of the ball with respect to the normal outer raceway, which can be further deduced by combining (14) and (15):
In the corner case in Figure 5 , the falling height of the ball h 1 is exactly equal to the defect depth. That is when there is
the ball will not contact with the fault bottom and its vibration response shows the three-impact. Therefore, with the above analysis, the bearing fault with the depth h meeting to (17) be classified as medium-size fault.
3) DEFINITION OF LARGE-SIZE FAULTS
In the case where the depth of the defect is constant, when the width of the defect is so large that the ball can contact the bottom of the defect, the falling height of the ball h 1 is equal to the defect depth h. Then the ball will collide with the fault bottom under the action of centrifugal and inertia forces on it before it contacts with the fault end, as point 2 illustrated in Figure 4 (c). This colliding event induces a high-frequency impact in the vibration response between the entering and exiting events. The corresponding vibration response shows four impacts. For example, with the defect width 8mm, the ball collides with the fault bottom due to the geometric relationship, and the vibration response shows four impacts in the time domain, as shown in Figure 2 (c). The kind of fault is classified as a large-size fault.
IV. FAULT SIZE ESTIMATION
The estimation methods for the medium-size fault and the large-size fault based on the motion of balls and vibration characteristics are explained in this section, while the estimation method of the small-size fault is not discussed for the numerical relationship between the ball motion and the single impact is not obvious enough for fault size estimation. Parameters of bearing 6308 is utilized for analyzing the vibration response of the defective ball bearing.
A. ESTIMATION OF THE MEDIUM-SIZE FAULT
As analyzed before, the bearing vibration response with the medium-size fault shows three impacts corresponding to the state of the ball in the fault area. Therefore, a quantitative analysis for the bearing fault size based on the impact time of each impact response is carried out. Due to the collision between the ball and the fault end of the medium-size faults, the quantitative results obtained by the traditional double-impact method are not very accurate. In this section, a more accurate method is proposed for fault size analysis. The time required for the bearing ball to roll over the fault area can be obtained by the geometric parameters of the bearing
where l is the width of the outer race fault, D p the pitch diameter of the bearing and D b the diameter of the bearing. The rotary frequency of the cage can be expressed as
where f r is the shaft frequency, and α is the pressure angle, usually set as null. Substitute (19) into (18):
Then the mathematical expression for the defect width is derived as
In the medium-size fault area, the period of the ball from entering the fault to leaving the fault is divided into two parts with time. The first part, expressed as t 1 , is the time interval from the ball entering the fault area to colliding with the fault end. In this part, the displacement of the ball is expressed as
In the second part, a certain time error is produced by the collision between the ball and the edge of fault end when the ball completely leaves the fault end. Therefore, the calculating method using the impact time interval cannot obtain the width l 2 , the second part of the fault size. The width l 2 corresponds to the displacement of the ball from colliding with the fault end until the ball completely leaves the fault area. According to the geometric relationship between the ball and the fault edge, the fault size l 2 can be calculated.
where h f is the depth of the ball falling in the fault area. With the simulated path of the ball in the fault area, as shown in Figure 6 , h i can be obtained by observation. Therefore, the mathematical expression for the size of the medium-size fault is derived
Substitute (22) and (23) into (24), and then there is
With this method, the fault size can be estimated more accurately by obtaining the specific data including the fault impact time intervals from the vibration responses.
B. ESTIMATION OF THE LARGE-SIZE FAULT
The vibration response of the large-size fault shows four impacts, and the time point corresponding to each impact is extracted to obtain the impact time interval. However, according to the above analysis, large-size and medium-size faults have different impact response forms, so a novel function model is necessary to accurately estimate the bearing fault size.
For the large-size bearing fault, the calculation of the fault width is similar to that of the medium-size fault. Since there adds a time point of the contacting impact, the defect width of the bearing is calculated with the following expression:
where t 1 is the time interval for the ball from entering the bearing fault area to colliding with the fault bottom. t 2 is the time interval for the ball from colliding with the fault bottom to the fault end. t 3 is the time interval for the ball from colliding with the fault end to completely leaving the fault area.
In the four impacts of fault-featured bearing vibration response, there is an impact response reflecting the ball colliding with the fault bottom for the deformation of the ball is considered, rather than regard it as a particle. With the impact time interval for the ball from entering the fault to colliding with the bottom, the corresponding defect depth can be analyzed. Next comes to the derivation process of the defect depth.
The force exerted on the ball in the direction of the load can be obtained according to the formula introduced by Harris [41] :
Due to the contact effect, the contact force of the load acting on the ball is as follow
where ε is set as 0.5 for zero clearance in this paper. n is valued as 1.5 in the bearing model. Since the ball makes a circular motion in the raceway, the centrifugal force is needed.
Therefore, according to Newton's third law, there is
Then the acceleration a can be expressed as
where φ − 270
The speed of the ball in direction of the defect depth is obtained as follows
The expression for the depth of the large-size fault is shown in (34) .
where t is the time interval between the first two impacts.
V. EXPERIMENTAL VERIFICATION A. PARAMETERS OF THE TEST RIG
In this section, the vibration experiment of the defective bearing is carried out to verify the feasibility of the established nonlinear dynamic model of the bearing and the accuracy of fault severity classification and size estimation method. The rotor dynamic test rig used in the experiment is shown in Figure 7 , mainly constituted by the pedestal, the inverter motor, the motor driver (380V 7.5KW), the tilting-pad bearings (including the support and petrol stations), two shafts of different widths, couplings (both flexible and rigid), measuring sensor holder and other accessories, including plain bearings and ball bearings. The sensors are arranged at different positions of rotors for collecting the corresponding vibration data. The horizontal, vertical and axial vibration acceleration data are respectively collected. The wire cutting processing method is utilized to simulate bearing fault in the experiment. The deep groove ball bearing designated as 6308 is chosen, and the rectangular fault is set on the bearing outer raceway. The shaft speed is 800rpm. The sampling frequency is set to 65536Hz, and the number of sampling points is set to be 131,072. The specific parameters of the bearing in the experiment are shown in Table 1 . With the test rig, the vibration signals of bearings with different outer-race fault sizes are respectively obtained. 
B. VERIFICATION
Analyze the defined small-size fault, and the dividing point of the fault sizes between the single and multiple impacts of vibration response is calculated as 0.45mm for bearing 6308. Therefore, the fault with the width 0.45mm were set for experimental analysis, the specific time-domain response is shown in Figure 8 . After calculation, it can be drawn that the fault with the width less than 0.45mm can be defined as a small-size fault for ball bearing 6308. When the fault width increases to exceed 0.45mm, it is found that the impact form has tended to be multiple impacts. To verify the correctness of the diagnosis method proposed for the medium-size fault, it is necessary to exact the fault impact time intervals from the experimental data and then calculate the size of the bearing fault. The vibration response of fault with the width 4mm is shown in Figure 9 . The vibration response of the medium-size fault is consistent with the simulation results, showing three impacts. The impact time intervals are extracted to calculate the bearing fault size. The calculation result is 3.87mm with the error rate 3.25%. For the large-size fault, the corresponding diagnosis method is used for verification. The vibration response of fault with the width 8mm is shown in Figure 10 , which shows four impacts.
The estimation results of the fault width and depths are shown in Table 2 , where Fault no.1 and 2 represents the fault with the width 8mm and depth 0.3mm, 0.6mm, respectively. It can be seen that for the large-size fault experiment signal, the error rate of the estimation results is relatively small compared with the practical value, which has verified the accuracy of the proposed fault diagnosis method.
VI. CONCLUSIONS
This paper proposed novel fault severity classification rules and the size estimation model based on vibration mechanism for ball bearings. A nonlinear dynamic model was established for the ball bearing with an outer race fault, where the geometric properties and deformation of the ball have been considered. Bearing fault severities are classified according to analysis of vibration mechanism. Furthermore, the quantitative relationship between the vibration characteristics and the fault sizes is made clear based on functional models corresponding to fault severity classification. Finally, the mathematical expressions for bearing fault sizes are proposed and verified. Main conclusions are listed as follow:
1) The nonlinear dynamic model of the defective bearing has taken the deformation of the ball into account based on the bearing fault mechanism. Vibration responses of the bearing and the motion curve of the ball are obtained by numerical computation of the nonlinear model, which cannot be accurately obtained by the previous models. Then the mechanism of the ball passing the fault area is studied in depth, where the multi-impacts response features are concluded corresponding to the motion stages of the ball. 2) Different fault severities are classified according to the vibration characteristics and the contact condition between the ball and the outer race, which are respectively named as the small-size, medium-size and large-size faults. The response of the small-size fault shows as a single impact. The response of the mediumsize fault shows three impacts, while the response of the large-size fault shows four impacts. 3) On the basis of the vibration mechanism, fault size estimation models are deduced respectively in accordance with the different fault severity classifications. Mathematical expressions for medium-size and large-size faults are respectively obtained. 
